General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 




'Jf. 



ANALYTICAL STUDY OF THERMAL 
BARRIER COATED FIRST STAGE 
BLADES IN F100 ENGINE 


i s.p. js77 


-.0) r.NAi.YTi:u Er>::Y ci 

’I 


:>! ,, lij Ar,3/ri- ^c^ 


; 3 / 0 / 


UNITED TECHNOLOGIES CORPORATION 
PRATT & WHITNEY AIRCRAFT GROUP 
GOVERNMENT PRODUCTS DIVISION 


N7d-n35a 


nnj laiS 

0U4 to 



Prepared for 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 


NASA Lewis Research Center 
Contract No. NAS 3-21032 



Z4 


MDA 4S67 


1 Rtporl No 2 Covocnmtnt AccMion No. 

NASA ('R laMAS 

3 Rtcipienri Catalog No 

4 TilN and SutMill* 

AN ANAI.VnrAl, STTHY OF THKRMAI. 
HAKKIKR rOATEI) RRST STACIE 
HI.ADES IN AN FlOO ENGINE 

S RepoM Oat* 
February 1978 

6 Parlotming Organiration Code 

7 Autho«UI 
I) E. Andreiut 

8 Ptrlofming Otganiration Report No 
FR 9«W 

to Work Unit No 

9 Pirforming Ofgani/ation N«m« and Addrna 

llnitMl Technolo(tiea ('orporition 
Pratt A Whitney Aircraft Group 
Government Prndurta Diviaion 
Went Palm Bench. Klonda 3.1402 

It Contract or Grant No 
NAS .3 2ira2 

13 Type ot Report and Period Covered 

Contractor Report 1 Septemlier 1977 
throiigb .31 .lanuarv 1978 

12 Spontocing Agency Na>na and Addrtti 

National AeronauticH and S;>aie Adminiatration 
Waihinitton. D.C. 20.S46 

14 Sponaoring Agency Code 

IS Supplamtnva<y Nolei 

Pniject M.inaner, Mr. .1. Merutka, 
NASA I.ewia P.^aearrh ('enter. 
Cleveland. Ohio 

16 Abtiraci 

Heat iranafer and atreaa analyaea were performed on two aectioni of a Thermal Harrier Coated 
(TRC) Finn tat atage turbine blade. Reaulta of the analyaea indicate that the THC m< the leading 
edge* of both aertiona experience the higheat elaatic atrain rangea and theae occur during 
tranaient engine operation. Further atudy ia recommended to determine the effecta of plaatic 
deformation lcr>ep) and creep-fatigue interaction on coating life. 


17. Key Wordi iSuggetted by AutborltM 

Thermal Barrier Coatinga 
('railed Turbine Blade* 

18 Dittribution Statement 

Unclaanified — Unlimited 

19 Security Oanil (of thii reporti 
rnclaaained 

20 Sxurity Clawit lot thu page! 
Unclaaairiert 

21 No of Pagei 
33 

22 Price* 


' Fa sale by the National Technical Inicimation Sinvice, Spimglield Virginia 22161 
























FOREWORD 


I’hiK rt*|M»rt wmh prepared by the Government I’riKituiK DiviNion of I’ralt & Whiti'ev Airt rali 
(Iroiip, I’nited 'rec-hni>loKiei< ('or|M)ration under ('ontraci No. NAS "An Analvlical 

Study of Thermal Harrier (’oated Kirnt Sta^e HladeH in an KHttl Ktigine.” The program was 
administered hy Mr. •!. Merutka of the l4*wis Kes4>arch ('enter. National Aeromiuti»‘s and Space 
Administration, ('leveland. Ohio. The work was |>et1ormed under the direction o( I). K. Andress. 
I’&VVA I’nt({ram Manager. This is the final rejacrt for the program and covers the technical work 
accomplished during; the (leriod 1 Septemla-r 1977 throuKh Ml •laniiary 197H. 


t'Ktx;tIUlNG PAGE BLANK NOT tTLUEU 


CONTENTS 


.SVifmn /'<wr 

I SIMMAHY 1 

II INTH()l)l’(TI{)\ 2 

III DKSrmiTION OK ANALYSIS M 

MtKifI Dcsrriptinn M 

AniilvKiH 5 

IV JiKSni/rS AND DISCUSSION OK HKSUUS M 

V (’ON('I,USIONS AND HKCOMMKNDATIONS l‘» 

AIMKNDIX MATKKIAM'HOl'KiniKS 20 


pkkx:k:ding page blank not filmed 


V 


ILLUSTRATIONS 


1 

Hill cif-Material Fimt-Stajse Turbine Blade Showing Sec tions Ana'y/ed 

1‘agr 

:i 

*i 

FlOOt.'ll Thermal Barrier C'ctated First-Stage Blade 

Finite Klement Mcnlel 

10'. Spun Section, 

1 

:i 

Flood) Thermal Barrier ('oated First-Stage Blade 
FMement Model 

Midspan, Finite 


4 

Typical FHK) ('vcle 


ti 

R 

Flood) Thermal Barrier Toated First-Stage Blade 

Adiabatir Wall Tem|H*raM:re Itislribution 

10' f .Span .Section, 

9 

H 

Flood) Thermal Barr er (’oated First-Stage Blade 

Wall Temiierature Itistribution 

Midspan, Adiabatic 

!" 

7 

Fl(K)d) Thermal Barrier ('oated First-Stage Blade 

F'xternal Heat Transfer ('oelFicient Ftistribution 

10' f Span Section, 

II 

8 

FllK)d) Thermal Barrier ('oated First-Stage Blade — Midspan, FAtermd Heat 
Transfer ('oefficient liistribution 

12 

9 

Flood) Thermal Barrier ('oated First-Stage Blade — 10' 
vs Surface Distribution 

( Span. Tem|H*rature 

d 

10 

FIOO(.'I) Thermal Barrier Coated First-Stage Blade Midspan. T'em|H*rature 
vs Surface Distribution 

1 1 

II 

FlOO(.l) Thermal Barrier ('oated First -Stage Blade — 
Strain vs Time 

10 ' 1 Span, .Surlace 

15 

12 

Flood) Thermal Barrier ('c»ated First-Stage Blade - 
Strain vs Time 

- Midspan. Surface 

l« 

i:i 

FlOO(.'l) Thermal Barrier ('oated First-Stage Blade 

Tem|)erature 

10' r Span, Strain vs 

17 

14 

FlOO(.l) Thermal Barrier Coated First -Stage Blade 

Tem|)erature 

Midspun. .Strain vs 

18 

Al 

Thermal ('onductivity 


20 

A-2 

Specific Heat 


21 


A-.'l Klastic M«hIuIus -1 


A -4 Thermal (\)enu’ienf of linear Kxpansion 

A-fj ('erarnic Layer Fracture Strain V’,(),Zr(), 


VI 


SECTION I 


SUMMARY 


An analytical invpHliKalion wan oincliicted In drlerniinc the HIccIh n( having ii T'lu-rmid 
Harrier ('<M>tinK «»n FKK) fir*! slaKc turbine blades Heat transfer and elastic stress analyses \»ere 
|M‘rfiirined at two s|>anwise liH-atinns. Hf. and .Wi s|uin. Both nut-nf|ilane and inplane elastic 
stress analyses were conducted. Maximum strain rauKes were calculated for Ibe cnatint: diiriiu: a 
lypicnl FltKI transient cycle. Results of the analyses show that the hicbesi strain raitKes in the 
coat in^s tK Curred at t he leadinK edjjes o( hot h spanw ise Incat inns. T'he maKnit tides nf l bese si rain 
ranges were then compared with that allowed for the cnatintts Rased on the limited data 
available, the cnatinK wmild he exjM'cted In fail essentially over all areas nt the airfoil. Hei aiise 
this has not been observed in previously-tested blades, it is recommended that the blades he 
examined to determine the |Missihility of micro cracking, which could provide stress relief for the 
ceramic while allowing it to remain attached to the blade. Further study is also recommended to 
determine the effects of plastic deformation (creepi and creep fatigue interaction on coating life 
and to define thermal fatigue pro|H-rties of the r.irconia coating material. 


SECTION II 


INTRODUCTION 


At* pari of the Full-Scale Kni(ine Ret*earch (FSF'Kl test pruKram In-inK conducted at NASA- 
Lewia. thermal harrier cnatintCH for turbine hlrdea arc Itein^ evaluated in an FKKi enKine. The 
hladeti are covered by a 10 mil yttria-Htahili/ed zirconia (Zr(),-Y,(),l protective coatinK over a .1- 
mil Nif'rAlY bond c*iat. The bladet* "ere coated by NASA uainK the plaama spray pntcess To 
date the thermal barrier c«iated blades have accumulated approximately 10 hours run lime 
without visible damage. 

A design analysis was required to determine if engine results are predictable and toaccpiire 
a more comprehensive understanding of the cttating perbirmance during actual ofterating 
conditions. The pur|M>se of this study was to provide the residts of heat transfer and stress 
analyses of two spanwise IcKations on the blade. These results will then Ik> compared with FSK.M 
test data when it becomes available. 
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SECTION III 


DESCRIPTION OF ANALYSIS 


MODEL DESCRIPTION 

T'he HnalyHiH demrihed in ihiK reiMirl wiin i-ondiutcd on llu* KlOO lirNt liladi-*^ ruatcd Itv 
NASA undtT ihf Kiill Stale Kiigine Heseari h (KSKH) pro|>rHMi with an ytlria-staliili/ed /irronia 
thermal harrier cualinK (T'H('I. The KlOK blade it< a diret tiunall\ M)lidined MAH M-2(tn (I'WA 
1422) raHtin^. T he blade ia nailed by im|)inKement/iiin\ei linn lechniiiues with nMilanI (list bar^e 
thrmi|>h a |K‘dealal trailinK edKe (FiKure I ). I.eadint( ed^e im|iinK*'nienl and tnidchnrd ninvectinn 
ia implementeil bv a ti|) inKerted. caal ciailinK tube that is pinned at the nail Heat transfer and 
elastic atreas analyaea were |ierlnrmed at Iwnspanwise l<-. atinna, IO‘i and riO'< span I'revimialv- 
tested TH(' blades showed that the lO'i span atction was undamaged while the rill'i section 
showed considerable distress. Tbua, an attempt was made to predict ibis diflerence analvlically 
The 21) finite eleiiienl breakups used in the analyses are shown in FiKures 2 and ■'!. incl’.idiiiK 
breakups of the .'l-mil Nif'rAlY and ID-mil T'HC laveri. 
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Figure 2. FKXg.V Thermal Harrier Coated First-Stage Hlade — 
Kfi Span Section. Finite Flement .Model 
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Finurv :i. h'l(lO(3) Thermal liarnvr Coated First -Slafie lilade — 
Midspan. Finite F.lement .Model 


ANALYSIS 

'I'rnnsienl and Hteady-xInU* heat transli-r and Hastic strest. analyses were |H-rl<irtiied mi the 
lO't and-M)'' span enws-seel ions of a thermal harrier eoaled first hlade foratypieal l■'l^tt engine 
cycle as defined in Kicure -4. These spanwise liK'ations were selec ted for two reasons: 1 1 1 based on 
observations of previously-tested .ri'5H>-7K coated blades, the 1tt'( and rcO'i span locatimis 
represemted areas of unfailed and failed cmitinK resiH*ctively. and I2( analytical studies of these 
sections without thermal barrier coating were available for comparison 

Kxternal heat transfer coefficients and adiabatic wall temperatures were determined using 
a I’A WA develo|H‘d icimputer program which simultaneously accounts for the la-havior of Isith 
the velcK'ity and tem|)erature boiindar> layers on an airfoil, r.econdarv flow effects were- 
accounted for in the determinatic.n of adiabatic wall tem|H*rature ('isilant side heat transfe-r 
coeffic ients and temperatures were calculatc>d using a c-ompressible flow program which acc-oiints 
for pressure drop and tem|H*rature change due to rotation, friction, heat transfer, and suddem 
changes in cross-sectional area. 





FiKurv I. Typical Film Cycle 

After application of a ceramic thermal harrier coatinK over a Nif’rAlY coated metal airfoil, 
residual HtreHses exist in the ceramic coaliiiK and airfoil hecuuse of the differenceK in thermal 
px|)ansion. I'he metal shrinks more than the ceramic as laith iis>l down from the application 
temj)erature of several hundred degrees to ns)m tem|>erature. thus inducing compressive stresses 
in the coating The effects of these residual stresses were accounted for in the analysis hy the use 
of a stress-free temi>erature (Tm^I as the reference temperature instead of nsim *.*m|>erature. 
which is normally used. For the stress analysis an effective coefficient of linear expansion was 
defined as follows; 


<1 (T — 70) — «Mr (Tnr — 70) 

“ — 

(T — r.) 

where o and are the coefficients liased on nsim tem|ierature and evaluated at T and I',,*'. 
Based on testing previously conducted at l*&WA the stress-free tem|H-rature was calculated to he 
7(K)®K This value was used in the analys' .iescrihed in this re|>ort. 

A generalized heat transfer and elastic stress analysis program was used to determine the 
airfoil transient and steady-atate metal temperature distrihutions and strain ranges for coating 
life evaluation. Both in-plane and out-of-plane analyses were performed. The in-plane and out- 
of.plane strains were comhined to determine an effective out-of-plane strain using the following 
e<piation; 

*t [ a, — e C ffy) ] 
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nhirr 

«, • pffwtivt* (till «»f plane Mrain 
K • elaafic moduluH 
f * I'ltiMNon'n ratio 

a,,, • HtreMteH from in plane and out-of-plane 
analyaeM. 

Theae effective atraina were uaed to determine the maximum atrain raiiKe in thia coatinK 
ilurinK the enKine cycle. 

Thia maximum atrain rantce and aaa<H'iated temia-rature were then uaed to pmlict contiiiK 
failure. Material pro|>ertiea uaed in thia analyaia are ahown in Ki|{urea A I thn>u|(h A-5 in the 
Ap|)cndix. 
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SECTION IV 


RESULTS AND DISCUSSION OF RESULTS 


The I'Nlc'ulated external hoiindarv (ondilionH (adiahatic wall lemia-ratureN and heat 
tranftfer niefru-irntMl are Hhowrn in KiKiiren h thrmitch M for I0'> «pnn and Titt'i «|Nin HertionH, 
rei*|iettivelv. 

FiKureN 9 and 10 ahow the ralnilated airloil coatinK Mirlace tem|N‘rnt(ire diatrihutiona 
rom|>ariaonH of average metal tem|>erature are alao ahown for mated and unroated hladen, 
ahowing redurtiona of fit!* and 124*. reapertively, for the 10' < and .Vf* »pan ae«tiona After 
arrminting for the additional I'entrifiigal pull atreaa t»f the added loating. theae redm tiona rould 
he rtmverted to a aavinga of apprf>ximately 1.2*' in firat hlade ciNiling air and atill maintain 
current average metal temfieraturea. 

Figurea 1 1 and 12 ahow the calculated elaatic at rain range hiatoriea for the leading edge anti 
preaaiire aurtace, where diatreaa had lH>en ohaerved tirevioualv. and the liK-ation of maximum heat 
flux tin the auction aide of the lO't and r»0'f a|mn aectiona. The minimum alrain lacura at 
2.0 aeconda into acceleration and the maximum atrain lacura at I.'* aectmda into deceleration 
Theae valuea are ahown in the table below along with the aaatK'ialeti coating tem|NTaturea. 
Maximum atrain rattge ia defined aa the difference la'tween minimum and maximum atrain 
Theae are ahown graohically aa a function of temfierature in Figure^ i:t and 1 1 lor the ‘woapaiiH 
analysed. At theae temie'raturea and atrain rangea Mill-of-Material aluminide coalings wmild he 
ex|>ected to fail. 
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Finurv !0. Fl(K)(3) Thermal Barrier Coated First -Stage Blade 
— Midspan. Temperature vs Surface Distribution 
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h'tKure 14 FKXHli) Thermal Harrier Coated First -St af(e Hlade 
— Midspan, Strain t'» Temperature 

It in more dillirult to make a aimilnr judgment relative to I'BC Hiirxivahility or failure. This 
is primarily the result «d insulTinent life data for the thermal harrier eoating system The only 
information currently available is the failure strain data shown in Figure A n. These data are 
based on Hexure s|>e('imens. and represent tensile failures. If these data are used as allowable 
strains, the predicted values of strain will indicate coating tailure es.sentially all over the airfoil, 
even when only the tensile |>ortion of the total strain range is used. Obviously this approach is t<si 
conservative, since previc.ut; experience shows that thermal barrier coatings do tairvive for short 
l>eriods of time, and it is mainly the leading edge and pre.ssure side tip-trailing edge cpiadrant 
areas that deteriorate in long-term o|H‘ration. If the coating diM's fail all over the airfoil, the cracks 
are not visible to the naked eye. Possibly the stresses in the coaling are relieved l>y micro- 
cracking. giving the appearance of no damage. PeriiKlic microsc-opic inspection of the blades 
would be recpiired to determine the existence and extent of this lyjce ol cracking ’I'he design data 
that is recpiired to make a valid asse.ssment of the calculated results consists ol thermal fatigue 
data (including the elTects of steady stress su|M>rim|)osc‘d on alternating stress) for both the elastic 
and plastic regions of the coating system. 
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SECTION V 


CONCLUSIONS AND RECOMMENDATIONS 

1. Th«‘ addition of a 10-mil thermal harrier roatinK to the KMNI rirM-NtiiKe tiirhiiie hlade revolted 
in a dem'ahe in nverane metal lemiH*ratiire of 124*K at midr<|mn. Thi(»eould Iw mnverted into 
a rediK'tion in first -Htatie hlade iiMilinK air re<|uired Irom .'i.riit'i to 'i.Kfi engine airllow to 
maintain the same averatte metal teni|ieriitiin>. 

2. Maximum Niirlme hi rain ranite in increased Hi|;n‘ricanllv with the addition ol a thermal 
harrier coaling hecatiHe ol the higher thermal gradients across the coated airhnl walk. 

Rased on the failure strain data avaiiahle. the (iredicled values of strain would indicate 
coaling hiilure essentially all over the airtoil. This (ondition has not la-en ohsi rved on 
Itreviously tested parts. It is (awsihle that micro (racking imciiis in the ceramic, llms 
providing stress relief for the ciuOing while maintaining adhesion to the metal siihstrale It is 
recommended that engine lest hlades Im* |M-ri<Khcally examined microscopically to determine 
the existence and extent ol this cracking. 

f. It is not |s*ssihle to formulate mi*aninglul conclusions relative to the swrvivahilit v or lailure 
of the thermal harrier coaling without additional material data. It is recommended that a 10- 
mil thermal harrier coated s|>ecimen simulating the K.^KK hlades he lah tested at engine 
transient conditions to generate applicahle coatin" life data. The s|M-(imen should he 
siihjected to the same thermo-mechanical cyclic loading as ex|>erienced in the engine. 
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APPENDIX 


MATERIAL PROPERTIES 


Thin appendii nhowi* the pro()ertieH of the varioim materials UHed in thiH anal>'Hit( for the 
KM) engine llrNt-ataKe turbine hladeH. 

• Thermal conduct ivity v« teni|>erature 

• K|)eriric heat vn tem|>erature, denaity table 

• Klaatir modulua va tem|>erHture 

• Thermal c»iefficient of linear expansion vr temperature 

• Cer,ii.4»ir coating fracture strain vr tem|>eralure 
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